cells (3) and in the choroid plexus (4, 5, 33) , and it has been shown (5) that transthyretin makes up 25% of the protein in ventricular cerebrospinal fluid.
Transthyretin (TTR)' circulates in plasma and cerebrospinal fluid as a 55,OO-dalton tetramer with identical subunits (6) and is responsible for much of the transport of thyroxine (7) and retinol (8) . The amino acid sequence of human TTR, 127 residues, has been determined (9) as has that for other mammalian species (rat, mouse, sheep, rabbit, and rhesus monkey) either by protein sequencing or by DNA sequencing (4, 10, 11, 33) . The average homology between human and other species is 83%.
Human TTR was the subject of an early x-ray crystallographic structure determination by Blake et al. (6) using the method of isomorphous replacement and d$a to 2.5-A resolution, and this was later extended to 1.8-A resolution (12). There is the possibility that the procedure for making heavy atom derivatives may have created some disorder in the vicinity of the Cys-10 residue. The native data set was taken from a crystal which had been grown as the mercury acetate derivative, and then the mercury was removed by soaking with a chelating agent. Indeed, residues 1-9 were not located nor were residues 123-127, which are nearby.
Recent interest in the T T R molecule was rekindled by the discovery that several mutations of human T T R are the cause of an inherited form of amyloidosis, known as familial amyloidotic polyneuropathy (FAP), which is an autosomal dominant disease with delayed onset. The Met-30 variant (methionine for valine at position 30), which is presented here, was the first such to be identified with the disease and the first to be characterized (13, 14) . Amyloid deposits consist-of nonbranching protein fibrils with a diameter of 70-100 A and of variable length (15). The fibril has been described (16, 17) as two to five parallel filaments with a helical twist, giving the fibril a hollow core and a twisted ribbon appearance. The subunit protein molecules are found to have the characteristics of a /? sheet conformation (18) , and this structure could be responsible for many properties of the amyloid, including extreme resistance to denaturation or cleavage. TTR has been shown to be the major component of the amyloid fibrils in ~ The abbreviations used are: TTR, transthyretin; FAP, familial amyloidotic polyneuropathy; T4, thyroxine; R, , , , the R-value between crystallographically equivalent reflections. FAP type I and I1 (19) , and the fibrils are enriched in the variant TTR. Amyloid lesions are usually found in the peripheral nervous system, in the heart, kidney, liver, and other internal organs, and in some cases in the eyes.
~~
It has been found that amyloidogenesis associated with a variety of diseases, including some cases of inherited Alzheimer's disease, involves point mutations of different precursor proteins. These proteins have the common feature of being highly p sheet structures, and, thus, the mechanism of amyloidogenesis is likely to be similar in such cases. FAP is considered to be an ideal model for the investigation of amyloidogenesis because the disease has been studied extensively and the three-dimensional structure of the precursor protein, TTR, is known.
The present work was undertaken to provide highly detailed structural information about the differences between normal transthyretin and amyloidogenic variants. During the investigation, it was observed that the differences between the normal and the Met-30 variant were proving to be small, and that highly accurate refinements would be necessary. The normal TTR structure (12), although an excellent model for its time, would not be accurate enough for the required comparisons. We have therefore repeated the structure refinement of normal TTR using conditions of crystal preparation, data collection, and refinement as near as possible to that which we have used for the Met-30 variant.
Our description of the refinement of the structure of the Met-30 variant to 2.3-A resolution has been published (20) with comparison to the structure of normal TTR by Blake et al. (12) , using coordinates from the Brookhaven Protein Database for Blake's structure (37) .
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-Normal human TTR and the Met-30 variant TTR were obtained from human plasma; the donor of the variant TTR was an individual homozygous for the variant.
The TTR samples were purified by the method described previously (21) and concentrated to approximately 20 mg/ml. Both normal and Met-30 TTR were crystallized from solutions containing 40% ammonium sulfate and 200 mM citrate buffer at pH 5.3 (22) . Crystallization was by the vapor diffusion method at 22 "C, and the protein concentration in the 2 4 droplet was about 10 mg/ml. A single diamond-shaped crystal of approximate dimensions 0.4 X 0.4 X 0.2 mm was used for collection of x-ray diffraction data in each case. Intensity data were obtained at 22 "C using the Siemens/Nicolet multiwire area detector, equipped with a Rigaku Rota-flex RU-2OOB rotating anode generator, at the Argonne National Laboratories. The data were processed and reduced using the program package Xengen (23). Unit cell dimensions and data collection statistics are given in Table I. the crystallographic dimer in each structure was refined independently, and no secondary structure torsion angle restraints were used. Water molecules were added where appropriate, and those water molecules which refined to unacceptable B-values, occupancies, or contact distances were removed from further stages of refinement.
Residues 1-9 (the pre-A or @ loop) were identified in the two structures by different means with very similar results. Building of the residyes in the N-terminal direction from Cys-10 was started in the 2.3-A resolution refinement of the Met-30 structure and was continued with more facility in the 1.7-A resolution refinement. Residues 125-127 were placed in a similar manner.
In the refinement of normal TTR, water molecules were placed in electron density which formed a curved rod extending from Cys-10 and of the proper length to be considered as residues 1-9. The oxygen atoms of these water molecules were used as C-cx guide points, and the 9 residues of the @ loop were fitted using the DGLP routine in T. A. Jones' program FRODO (26) . Residues 125-127 were fitted in a similar manner. The new residues were then subjected to a cycle of heating, cooling, and positional parameter refinement using XPLOR Crystal Structure of Amyloidogenic Variants of TTR (27) . A similar rod of electron density adjacent to Cys-10 was also found in the variant. Final positions for residues 1-9 were quite similar for both normal and variant TTRs.
Quality of the Model-The final models consist of coordinates and temperature factors for all residues, 1-127 in each of the two independent molecules, in the sequence as published by Kanda et al. (9) with the change of residue 63 from glutamine to glutamate as found from the gene sequence by Tsuzuki et al. (28) . The statistics on the two models are given in Table I 
RESULTS
Description of the Molecule-There are two monomers, A and B, with identical amino acid sequences but slightly different conformations, in the asymmetric unit. Two AB dimers are rotated around the 2-fold crystallographic axis to form the tetramer, AB-A'B'. Each monomer contains 8 0 strands, named A through H, connected by loops and with a short cy helix just after strand F. Residues 1-9, the @ loop, make a semicircle of weak electron density around residue 60 on the surface of each monomer. other by a pseudo-2-fold axis approximately parallel to the crystallographic b direction, perpendicular to the surface of the sheets, and passing between the H strand of one monomer and the H strand of the other (Fig. lb) . The AB to A'B' contacts are between the A-B loop of the A monomer and the H strands of A' and B' and the similar contacts for the B monomer. The hydrogen bonding making up the , B sheets is shown in Fig. 2 .
Several residues in the two structures are modeled with disordered side chains. These are on the exterior of the protein, well exposed to solvent. Some of those which are of interest because they occur at the thyroxine binding site for both structures are: Met-13, Ser-112, Ser-117, and Leu-119 as well as Lys-15 and Leu-17 for the normal T T R structure. Cys-10 of both structures has been modeled with disordered or low occupancy sulfur atoms and is very close to the position found by Blake et al. (6) .
Comparison of the Normal TTR Structure with the Model of Blake et al. (6, 12, 32) "The model for normal T T R presented here has differences in the loop regions from that reported previously by Blake et al. (6, 12, 32 ) in the Brookhaven database, differences which may prove significant in future attempts to explain the features of fibril formation by amyloidogenic variants. In addition to the newly defined residues 1-9 and 124-127, there are three loops which have deviations of main chain atomic positions of greater then 2.0 A. These are the B-C, the D-E, and the F-G loops. In Blake's model, these loops show unreasonably close contacts to other parts of the molecule or to neighboring tetramers. A histogram showing the differences in the C-a positions is shown in Fig.  3 , in which the areas of deviation can be seen clearly. The root mean square devi!tion for $1 main chain atoms for the two structures is 0.78 A or 0.36 A if the residues of the loops just described are omitted. Fig. 4 shows the distortion caused by the reversal of the carbonyl of residue 56 in the peptide link between residues His-56 and Gly-57 resulting in displacement of the C-a of residue 57.
A comparison of the two models for residues Thr-60 to Glu-63, in the D-E loop, are shown for the A molecule in Fig. 5 (the B molecule is very similar in this region). This difference omit map is clear and well-resolved and shows the 180" rotation in the XI torsion angle for residue Thr-60. Fig. 6 shows the differences for the F-G loop (molecule A).
The electron density for the side chain of Arg-103 was reported as missing by Blake et al. (6, 12, 32) , but is wellresolved here and has been refined with full occupancy. The largest differences between the two models are in the F-G region of molecule B. Fig. 7 shows the superposition of this region for both structures. Judging from the temperature parameters, this loop is labile, and estimated root mean square positional errors are high, 0.29 A. Nevertheless, our structure shows good electron density in the difference omit map. Gone is the very close contact in Blake's model between Pro-102 FIG. 6 and Pro-43 of neighboring tetramers.
Comparison of Normal TTR with the Met-30 Variant-A discussion of the differencp between the model of Blake and the variant model at 2.3-A resolution has already been pub; lished (20) . The extension of the Met-30 refinement to 1.7 A confirms our earlier conclusions and gives more weight to the quantitative measurements.
The major differences between normal and the Met-30 variant consist of displacement of the outer sheet due to the increased size of the side chain of internal residue 30 and movements in the B-C, D-E, and F-G loops of both molecules A and B. A histogram showing the C-a differences between the normal and variant is shown in Fig. 8 . The F strand of the B molecule extends 1 residue longer, and, consequently, the DE loop is shorter and makes a different type of turn. In the A molecule, this loop is identical for both normal and variant.
A major conclusion from the previous work on the Met-30 at 2.3 A resolution and its comparison with Blake's model was that the DAGH and CBEF sheets had been spread apart t o accommodate the more bulky methionyl residue. The increased sheet to sheet distantes given in Fig. 3 are almost exactly the same when the 1.7-A Met-30 structure is compared \ , / cq ,100 \ to the 1.7-A normal T T R structure. Residue 30 is an internal residue. Substitution of the bulkier methionyl for valyl residue forces the shefts DAGH and CBEF ofarther apart by an average of 0.4 A (maximum shift 0.97 A at position 30). The movement is bell-shaped with the maximum change occurring opposite residue 30. Sheet DAGH, which, with its symmetryequivalent lines the thyroxine-binding cavity, moves only slightly. This was proved by calculating distances from residues on DAGH to their symmetry equivalents. Sheet CBEF shows the larger positional shifts and, since it is on the surface of the molecule, simply moves farther out into the solvent. A drawing of the A molecule of the Met-30 variant fitted to the normal is shown in Fig. 9 is included in the following paper (38) . 
DISCUSSION
There have been more than 20 naturally occurring point mutations of human transthyretin found so far. Most of these have been summarized by Saraiva and Costa (35) , and most are amyloidogenic. Since the inherited nature of familial amyloidotic polyneuropathy is well documented and is usually associated with point mutations of transthyretin, and since the major component of the amyloid deposits found in individuals with FAP type I and I1 is always transthyretin and is enriched in the variant, it is assumed that the mutated transthyretin molecule is the focus of the event which leads to expression of the pathologic conditions. The use of single amino acid changes to study the function of enzymes is well known; however, the situation here is different. Neither an active site nor a biochemical process by which the transthyretin molecule causes the formation of amyloid material is yet known. Therefore, it will be necessary to examine in close detail the entire molecular structure of more than one FAPassociated variant and to search for features common to FAP- the amyloidogenic function of T T R variants. These include the conformational hypothesis, the proteolytic hypothesis, and the stability hypothesis. From a consideration of the three structures presented here and in the following paper (38), we can offer the following possibilities. Differences in the sheet to sheet distance, either increases or decreases, may be a common factor in amyloidogenesis since this could 1) perturb the monomer-dimer-tetramer equilibria, 2) alter the molecular recognition of the tetramer by enzymes or other proteins, 3) by distorting the monomer alter the flexibility, thereby changing the possible conformational species, 4) by changing the conformation around the sulfhydryl group, thereby alter the possibility for disulfide bond formation.
However, an increase in the sheet to sheet separation may not be the only mechanism. An amyloidogenic variant Val-30-Ala has recently been reported (36) which could result in the sheets being closer together.
Another possibility is that the loop regions are a key factor in amyloidogenesis. Indeed, many amyloid-associated mutations are in the loop regions, as are many of the changes in the animal TTR species. Thus far, only the first half of the A-B loop has been spared, and this loop makes the dimer to dimer contact. Changes in the loop regions can also be caused by changes within the sheets, as found for the F-G region. Loop regions are more mobile as can be seen from the temperature factor plots, Fig. 10, a and b. Finally, it is possible that there is not just one but there may be several mechanisms involved in amyloidogenesis.
In order to explore these hypotheses, more data are required. We have crystallized several other amyloidogenic variants including Ser-84 and Ala-60. The Thr-109 variant described in the accompanying paper (38) is nonamyloidgenic and provides a second "normal" conformation. The coordinates and structure factors of the Met-30 and normal protein have been submitted to the Brookhaven Protein Data Bank (37).
